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CHAPTER I. GENERAL INTRODUCTION 
Dissertation organization 
This dissertation is organized into four chapters plus appendix. The first 
chapter describes general introduction to the organism (Brucella abortus), and 
literature summary for the backgroimd of this study. The second and third chapters 
include manuscripts which will be submitted to the identified journals. The fourth 
chapter describes the general conclusions that were drawn from the results of the 
study. 
I include a brief report about the arginase operon in the appendix section, since 
the study is not directly relevant to my thesis project. A cDNA clone was made by 
reverse transcription of total Brucella RNA using a primer from the middle of the 
catalase gene. However, 1 foimd a cDNA which contained arginase and ornithine 
cyclodeaminase genes, not the catalase gene. We concluded that the clone was made 
by nonspecific binding of the primer to the arginase operon mRNA. In this brief 
paper, I present the nucleotide sequences of Brucella arginase and ornithine 
cyclodeaminase genes and discuss the possible physiological importance of these 
genes to B. abortus. 
Animal brucellosis 
Animal brucellosis is a disease that causes fever and reproductive failiire 
including abortion, epididjonitis, and sterility in males. Different Brucella species 
cause brucellosis in different animals; B. abortus (cattle), B. melitensis (goats), B. suis 
(swine), B. canis (dogs), B. ovis (sheep), and B. neotomae (desert rat) (51). Bovine 
brucellosis has been reported in many countries including the United States of 
America (20). Although there has been an active vaccination program, it has been 
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difficult to eradicate the disease from this cotintry (51,55). The impact of bovine 
brucellosis concerns both economic loss and human health (55). 
Structural components of Brucella 
Currently, six species of Brucella are included in the genus. The species have 
been separated into biotypes by colony morphology, metabolic patterns, CO2 and 
serum requirements, susceptibility to bacteriophage, and biological behavior (51). 
However, DNA-DNA hybridization studies revealed that four species (B. abortus, B. 
suis, B. melitensis and B. neotomae) have nearly 100% homology in nucleotide 
sequences (35,36). These same studies reported that B. cms has 94% homology in 
nucleotide sequences and proposed that the species is most likely a deletion mutant 
of one of the other species. Verger (84) proposed Brucella should be a single species. 
Other molecular genetic studies (46) also show there is very little difference among 
the species. Even though the current taxonomic status separates the Brucella genus 
into six species, it is clear that all species are extremely closely related. 
Brucella abortus is a gram negative facultative intracellular pathogen. Under the 
electron microscope, B. abortus looks similar to the Enterobacteriaceae, but the 
components and the structure of the cell wall are quite different from those of £. coli 
or Salmonella (16,63). The main differences are due to lipid composition: wax-like 
esters, ornithine containing lipid, unusual lipid A of the lipopolysaccharide (LPS), 
cell surface lipoprotein, and long chain fatty acids (16). The strong interactions 
between outer membrane proteins, LPS, phospholipids, and polysaccharides are 
also unusual. Because of these interactions, cell components can not be extracted by 
conventional methods. The outer membrane is not disrupted by EDTA, and 
nonionic detergent and SDS extract the outer membrane less efficiently than for E. 
coli (53). The Brucella LPS is extracted into the phenol phase, whereas £. coli LPS is 
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extracted into aqueous phase (52). Generally, Brucella cell wall components are 
highly hydrophobic, and Brucella LPS and lipids are easily distinguished from these 
of other bacteria. 
Pathogenesis of Brucella infection 
Usually bovine brucellosis is known as a chronic infectious disease which may 
persist for the life of the aiumal. The pathogenesis of Brucella has been studied and 
reviewed (22). Briefly, the bacteria go through four steps to establish infection. At 
first, brucellae invade a mucosal siirface such as conjunctiva, mouth, or intestine. 
Although the establishment of the infection depends on dose, virulence of the 
bacteria, and susceptibility of the host, the mechanism of penetration is not very well 
understood (22,78). After survival at the primary invasion site, the bacteria are 
ingested by phagocytes, such as macrophages or polymorphonuclear leukocytes 
(PMNs) which cause acute inflammatory reaction in the submucosal layer. Even 
though the vaccinated cattle show a more intense inflammatory reaction, it is not 
known whether this inflammatory reaction is effective at removing bacteria. The 
bacteria are then carried to regional lymph nodes by lymphatic drainage, either 
inside phagocytes or as free organisms (1). Enlarged lymph nodes and 
hemorrhaging can be observed at this stage. Failure to eliminate Brucella at the 
lymph nodes leads to persistent infection and transfer to other organs through the 
blood stream (1). Brucella can survive within host phagocytes and may utilize 
macrophages and leukocytes for protection from humoral and cellular immime 
responses (50). Finally, the bacteria spread to other organs: liver, spleen, bone, 
kidney, mammary gland and reproductive tract. The preferential localization of the 
bacteria to the placenta of pregnant cattle is thought to be due to the nutrient, 
erythritol, which promotes the growth of the virulent strains (78). However, the 
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mechanism of Brucella-mdaced abortion is not specifically known. The probable 
reasons might be the impairment of placental functions such as the delivery of 
proper nutrients and removal of waste, or Brucella endotoxins such as 
lipopolysaccharide (LPS). In fact, purified LPS of many gram negative bacteria, 
when injected, cause abortion (16). 
The interaction between Brucella virulence factors and host immune and 
defensive systems determines susceptibility or resistance to the disease (22). Even 
though soluble components in the serum, such as complement, immunoglobulin, 
and other lytic proteins could potentially destroy the bacteria, most evidence 
suggests the cell mediated immune response (CMI) is mainly responsible for the 
elimination of the bacteria (56). The CMI begiris with the activation of macrophages 
by lymphokines that are secreted by T cells. The primary stages of the infection 
when it is determined whether or not the bacteria will survive inside the phagocytes 
are critical to the establishment of the disease (56). A previous report showed that 
opsonized bacteria are more readily phagocytized than nonopsonized bacteria, 
however, it was not made clear whether or not survival of the bacteria inside the 
phagocyte was affected by opsonization (56). In contrast, more recent reports 
showed that macrophages and PMNs from immunized ariimals were stimulated in 
oxidative burst and phagolysosome fusion (10,13,14,60,88). Canning et al. (14) 
showed that opsonized bacteria were able to stimulate oxidative burst in 
phagocytes, but inhibited degranulation (phagosome-lysosome fusion). This 
inhibitory activity might be due to cell surface components or other small molecules, 
such as 5' guanosine monophosphate or adenine (14). GMP has also been shown to 
inhibit lysosomal degranulation (13). 
5 
Oxidative stress in phagocytes 
Phagocytes xise two distinct strategies to destroy bacteria: oxygen dependent 
reactions, and oxygen independent reactions (3,5). The oxygen dependent reactions 
start with a dramatic increase of cellular metabolic activity. This respiratory burst 
involves several enzymatic reactions responsible for converting molectilar oxygen to 
other more harmful oxygen related molecules such as superoxide, singlet oxygen, 
hydroxyl radical, and hydrogen peroxide (67). BQebanoff (40,41) showed that 
myeloperoxidase-hydrogenperoxide-halide (MP0-H202-halide) is a major oxidative 
killing mechanism in neutrophils. The binding of halide ions to tyrosine and 
histidine residues on microbial proteins could be the killing mechanism. In addition, 
degranulation and phagolysosome fusion, the acid environment of the 
phagolysosome, iron binding proteins such as lactoferrin, lysozyme, and cationic 
proteins all contribute to the destruction of bacteria (7,10, 24,71,88). 
Upon stimulation either by phobol myristic acid (PMA) or opsonized bacteria, 
phagocytes increase the production of oxygen radicals, respiratory rate, oxygen 
consiimption, and rate of the hexose monophosphate shimt pathway (9,28,32). The 
respiratory burst upon infection is distinguished from mitochondrial respiration 
which produces energy through glycolysis. The oxidative burst of phagocytes is not 
affected by azide or cyanide, both inhibitors of metabolic respiration (66, 67). The 
enzyme responsible for the oxygen consumption is NADPH oxidase (4,15,61). This 
enzyme is missing in Chronic Granulomatous Disease (CGD) which is characterized 
by the absence of a respiratory burst (70), and cells from patients with this disease 
are defective in killing bacteria. NADPH oxidase is located on the phagosome 
membrane and catalyzes this reaction (66); 
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NAD(P)H oxidase 
NAD(P)H + 2O2 > NAD(P)+ + H+ +IO2 
The pmnping of electrons into the vacuole results in a slight increase of pH in 
the vacuole which leads to activation of certain enzymes (proteinase) that are 
maintained in an inactive state prior to infection. The one electron reduction of 
oxygen produces superoxide which is also produced in B cells and T cells. Segal 
suggested that superoxide might have critical role in regulating the genes involved 
in inflanunatory and immime responses (66). Following the production of 
superoxide, various reactive oxygen intermediates are formed, such as H2O2, OH-, 
OQ" etc. The acidic pH of the phagosome turns superoxide to H2O2, and this 
reaction is accelerated by superoxide dismutase (SOD) (8,25,26). In neutrophils, but 
not in macrophages, myeloperoxidase (MPO) uses halide ions, such as Br and CI", 
to form OBr" and OQ" (41). These molecules react with amines and have bactericidal 
activity. OH- is also formed by the interaction between O2" and H2O2 in the presence 
of certain transition metal ions. The Haber-Weiss/Fenton reactions provides the 
major pathway for the production of hydroxy 1 radical (85): 
H2O2 + Fe2+ ~> Fe3+ + OH" + OH 
O2' + Fe^"*" > Fe^"*" + O2 
H2O2 + O2" > OH" + -OH + O2 
These oxygen intermediates cause damage to bacteria in many ways (3,30,32). 
Hydroxyl radical causes outer membrane damage. Extracellular H2O2 reacts with 
iron containing components, catalyzing -OH production. HOQ causes chlorination 
of the cell which leads to problems with transport systems. HOQ also reacts with 
Fe-S centers, cytochromes and important respiratory enzymes. Moreover, these 
oxygen molecules nick DNA and cause mutations leading to cell death. 
7 
Bacterial defensive mechanisms 
Pathogenic bacteria have protective or adaptive mechanisms for survival in the 
hostile environment of the phagocyte (17,21,29,32). Various strategies include: 
resistance to en2ymes, resistance to oxidants and other constituents of the 
phagosome, prevention of phagosome-lysosome fusion, mechanisms to escape from 
the phagosome into the cytoplasm, and regulation of modulators of the host 
immune system such as cytokines. The mechanisms for bacterial survival in 
phagocytes vary from bacterial species to bacterial species (12). For example. 
Mycoplasma sp. and N. gonorrheae inhibit phagocytosis, while S. typhi inhibit the 
oxidative burst and M. tuberculosis inhibit degranulation. Brucella seem to use 
several strategies to survive. Brucella infected phagocytes showed inhibition of 
normal phagosome-lysosome fusion (24) and suppression of degranulation (13,14). 
Canning et al. showed that Brucella secretes adenine and 5'-guanosine 
monophosphate which are thought to inhibit degranulation and, thus, the MPO-
H202-halide cascade in neutrophils (13). Another observation showed that IL-1 is 
depressed in Brucella irifected macrophages. This leads to decreased stimulation of 
T-cell proliferation (71). Brucella is also resistant to killing by immxme senm\ (19). 
Moreover, even though rutric oxide is a very effective bactericidal mechanism in 
macrophages. Brucella seems to inhibit the production of nitric oxide even in 
cytokine stimulated macrophages (38). Another report showed that Brucella is only 
killed in vitro by oxygen-dependent killing mechanisms in the presence of iodine, 
iron, and neutrophil extract. 
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Catalase and superoxide dismutase 
Bacterial defensive mechanisms against oxidative stress have been studied 
extensively. The defensive strategies are: one, free radical scavenging substances 
such as glutathion, ascorbic acid, other vitamins, and detoxif)dng enzymes; two, 
repair systems for DNA and proteins; three, competition for substrates favoring 
bacterial sxirvival. In my dissertation, I focus on catalase and SODs as antioxidant 
enzymes. 
SOD catalase 
2O2- + 4H+ >2H202 >2H20 + 02 (1) 
Catalase and superoxide dismutase (SOD) are critical enzymes which may be 
involved in virulence and bacterial adaptation, although this has not been 
established for all pathogens (42,47-49). In Staphylococcus aureus, a high catalase 
activity strain was more resistant to H2O2, and adding exogenous catalase prevented 
a low catalase activity strain from being killed by PMNs (49). A study of Brucella 
abortus showed that the higher the catalase activity, the more virulent the strain (37). 
Also, exogenous catalase or SOD protects Brucella from phagocyte killing in vitro (38, 
39,49). 
Even though superoxide can not pass easily through bacterial membranes, 
superoxide is still reactive as a precursor of other oxidative molecides. Superoxide 
dismutase (SOD) is widely distributed in eukaryotes (27) and prokaryotes (8, 73) in 
various forms and in different locations. Most known SODs are conjugated with 
metal ions, such as Fe, Mn, or Cu and Zn. In prokaryotes, Fe-SOD and/or Mn-SOD 
are generally found in the cytoplasm, and are well known as detoxifying enzymes 
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(31). Fe-SOD is a constitutive enz3niie in E. coli (31). The regulation of Mn-SOD is 
well known in the SoxRS system of positively activating transcription factors (57,58, 
83,86,87). At the SoxRS locus, soxR and soxS are adjacent on the chromosome. The 
two genes are slightly overlapping. SoxR is activated by superoxide and the SoxR 
molecule activates the transcription of SoxS, which regulates various proteins that 
are involved in this SoxRS regulone. Three of the known regulated proteins are: 
endonuclease IV, Mn-SOD, and glucose 6-phosphate dehydrogenase. Cu-Zn SODs 
are rarely found in prokaryotes, but recent reports indicate Cu-Zn SOD maybe more 
widely distributed than previously recognized (6,11,43,59, 73,75). All reports are 
for gram negative bacteria, and the enzymes are always foimd in the bacterial 
periplasm. Cu-Zn SOD has long been suggested to be involved in defense against 
sources of superoxide outside of the cell. Steiiunan, reported that periplasmic 
Caulobacter Cu-Zn SOD has a protective function against external superoxide (74). 
However, the regulation of Cu-Zn SOD has not been studied in detail. Until recently 
E. coli was not thought to have the erizyme. However, E. coli is now known to posses 
a Cu-Zn SOD which is only expressed very late in stationary phase (6). 
Understanding the regulation of this enz)niie wiU give us deeper insight into 
defense mechanisms of pathogenic bacteria. 
E. coli. posses two hydroperoxidases; one is a periplasmic catalase-peroxidase 
(HPI), the other is a cytoplasmic catalase (HPII) (33). katG (HPI) and katE (HPII) are 
transcriptionally regulated by oxj/R and katF, respectively (17,18,48). HPI is induced 
at low concentrations of H2O2. HPII is not induced by external H2O2, but rather, by 
growth stage (48). Heat shock proteins were induced by conditions which 
stimulated HPI and HPII even though those heat shock proteins are not elevated by 
the same regulatory pathways (32). There are at least 30 proteins that are induced by 
external H2O2 (17) Nine proteins are regulated by OxyR, which binds to the 
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promoter of katG and to its own promoter (18). OxyR is a positive regulator that 
facilitates the activity of RNA polymerase. According to footprinting experiments, 
the binding sites extend to -100 from the mRNA start (80). Storz reported that OxyR 
functions as tetramer, and the molecule is both sensor and activator (44,45,82). The 
sensing of oxidative status is by disulfide bonds (44,45,77a). The transcription 
activation occurs by shifting the binding site of OxyR, resulting in a change in the 
conformation of DNA (18, 79,82). The auto regulation of oxyR was well studied. 
OxyR binds to its own promoter and represses its own transcription (77) 
KatE (HPn) is induced during stationary phase (23,54,65). KatF is the positive 
activator of more than 20 proteins including HPII (catalase) and exonuclease. 
Stationary phase is a response to starvation, and the macrophage phagosome 
probably represents a nutrient poor environment. KatF is an alternative RNA 
polymerase sigma factor (23). It has been shown that the deletion of either oxyR or 
katF causes E. coli to be more sensitive to H2O2 (76). The oxyR deletion mutant 
showed increased spontaneous mutation (76), and the katF deletion mutant was 
more sensitive to UV light (62). So, both catalases, in E. coli, play important roles in 
defense against H2O2. 
Transcription factors of the LysR family 
Transcription factors control mRNA transcription level by interacting with 
DNA directly or by interacting with other proteins which bind to DNA. In either 
cases, the result is a modification of the activity of RNA polymerase. The LysR 
family of positive transcription regulators (34) is widely distributed in prokaryotes: 
LysR, IlvY, CysB in E. coli, MetR in Salmonella typhimurium, NodD in Rhizobium, 
AmpR in Enterobacter cloacae, etc. They are also called autoregulatory LysR type 
transcriptional regulators (LTTRs), because they regulate their own gene expression 
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(64). Over 50 members of LysR family are known, and they have common 
characteristics, with exceptions. First, they have a helix-tum-helix conserved motif 
which is the most conserved region among the LysR family. This motif is close to the 
N-terminus of the proteins and is the DNA binding site. Second, they have 
coinducer binding sites, and DNA binding is independent of coinducer binding. 
Third, they are transcribed divergently from a promoter which is very close to or 
slightly overlapping with the promoter of a target gene. Fourth, because of the 
overlapping promoters, they regtilate bidirectional transcription simultaneously at 
this locus. Most of LysR family members function as dimers. The target DNA 
binding sites do not exhibit similarity except for a conserved T-Nn-A motif (64). 
Perhaps the secondary structure of DNA is recognized by LysR family transcription 
factors. In fact, in a study of MetR, the binding of protein caused DNA structural 
changes (2). OxyR (a member of this family) is proposed to bind in the major groove 
of the DNA helix, and the recognition sites show a dyad structure (82). 
Most members of the LysR family are foimd in the Proteobacteria a and y 
subgroups (64). This family of transcription factors seems evolved from a distant 
ancestor because they are quite variable, yet with similar features. Because they are 
so wide spread they must be very effective and useful for the regulation of genes. 
Rationale for this study 
The Brucella periplasmic catalase exhibits sequence similarity with E. coli HPII 
which is a cytoplasmic enzyme (69). Also, Brucella catalase exhibits no recognizable 
signal sequences (69). The fact that the bacterium has both catalase and SOD in the 
periplasm (11, 68,72) suggests the hj^othesis that placing these two en2ymes 
together in the periplasm is a more effective defensive mechanism than placing them 
in different compartments or together in cytoplasm. 
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If reaction 1 (page 8) is carried out in the periplasm before the toxic molecules 
enter the cytoplasm, the cell may be better protected. However, deletion of Cu-Zn 
SOD in Brucella had only a minor effect on survival in vivo (81). Deletion of catalase 
also resulted in only minor changes in pathogenesis (68). It remains a possibility that 
deletion of both enzymes could have a more dramatic effect, but this mutant has not 
been made. Transcription factors such as OxyR and SoxR control the regulation of 
proteins that respond to oxidative stress. Deletion of the appropriate transcription 
factors should have a large impact on the defensive mechanism. However, the 
regulation of the catalase or Cu-Zn SOD is not well imderstood in Brucella abortus. 
As described above, catalase and SOD seem to be closely associated with 
pathogenesis in many bacteria. However, the molecvilar mechanisms of regulation 
have not been well elucidated. Since Brucella abortus is equipped with both 
periplasmic true catalase and Cu-Zn SOD, it will be intriguing to elucidate the 
regulation of the two enzymes. In this study, I investigated the regulation of catalase 
and SOD imder oxidative stress conditions, with the main focus on the molecxilar 
regulation of catalase expression. During this study, I found an oxyR homologous 
gene and investigated the function of this gene. 
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CHAPTER II. BRUCELLA ABORTUS PERIPLASMIC CATALASE IS 
REGULATED BY EXTERNAL HYDROGEN PEROXIDE 
A manuscript to be submitted to Infection and Immunity 
Jeonga Kim^, Zengyu Sha^, and John E. Mayfield^ 
ABSTRACT 
In this study, we investigate the expression of Brucella abortus proteins in 
resporise to oxidative stress. The focus is on several proteins thought to be involved 
in bacterial protection. We show that catalase and Cu-Zn superoxide dismutase are 
regulated in response to H2O2 or by superoxide, whereas expression of Hsp70 and 
Hsp60 are not dramatically affected by oxidative stress. The regulation and 
protective function of periplasmic catalase is studied in more detail. The results 
demonstrate that periplasmic catalase in B. abortus is regulated at the transcriptional 
level in response to external hydrogen peroxide, and a catalase deletion mutant is 
more susceptible than wild type to external H2O2. 
1 Primary researcher and author 
2 Graduate student who made catalase deletion mutant and did the hydrogen 
peroxide sensitivity experiments (Fig. 2) 
^ Major Professor 
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INTRODUCTION 
Bovine brucellosis is a disease that causes fever and reproductive failure, 
including abortion, epididymitis, and male sterility (16). Brucella abortus is the 
bacterial cause of bovine brucellosis (46,51). The establishment of infection depends 
on dose and virulence of the bacteria and on the susceptibility of the host (19). After 
exposure to Brucella abortus by ingestion or through conjimctiva, most bacteria are 
found in phagocytic cells. In chronic disease, the bacteria persist and multiply inside 
phagocytic cells (10,19,36,45,48,70) 
Upon infection, phagocytes suddenly increase oxygen consumption and 
produce oxygen intermediates, such as H2O2, superoxide, HOQ, hydroxyl radical, 
and singlet oxygen (2-4,30). In vitro studies with neutrophil extracts showed that 
oxygen dependent killing is more potent than oxygen independent killing against B. 
abortus (54). 
Pathogenic bacteria possess adaptive and defensive mechanisms which allow 
survival in the hostile phagocyte environment (6,13,22,34,36). To survive inside 
the phagosome, bacteria change their physiology to express special proteins in the 
new environment. E. coli's physiological changes in response to oxidative stress 
have been extensively studied (17,64,68). Since superoxide and H2O2 are central to 
the chemistry of the oxidative burst, superoxide dismutase (SOD) and catalase are 
generally thought to be important aspects of bacterial defensive mechanisms(2,15, 
18,27,29). In £. coli, 30 proteins are observed to be induced by external H2O2 (64). 
Nine proteins are regulated by the OxyR protein (15). E. coli expresses two types of 
catalase, a periplasmic catalase-peroxidase (HPI) which is regulated by OxyR, and a 
cytoplasmic catalase which is not induced by external H2O2. Haemophilus influenzae 
catalase is also induced by external H2O2 (7), and also seems to be regulated by a 
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member of the OxyR protein family (41). E. coli exhibits 40 superoxide inducible 
proteins, some of which are also inducible by H2O2 (25,68). Nine superoxide 
induced proteins are positively regulated by SoxR (67). E. coli expresses three 
superoxide dismutases (SOD): constitutive Fe-SOD, superoxide inducible Mn-SOD 
(29), and periplasmic Cu-Zn SOD (5). Mn-SOD is imder the control of the SoxR 
regulatory protein (17). The distinctive functions of the three SOD enzyme types are 
not weU understood. The regulation of Cu-Zn SODs in gram negative bacteria in 
general is poorly understood. Caulobacter crescentus Cu-Zn SOD is known to be 
regulated and has a protective function in response to external superoxide (62). Heat 
shock proteins are induced by oxidative stress in £. coli even though they are not 
controlled by the OxyR or SoxR proteins (9,64). Heat shock proteins are generally 
thought to protect cellular proteins under stress conditions (24,52). 
Brucella species express both Cu-Zn SOD and catalase in the periplasm (60,61). 
There is no known cytoplasmic catalase activity expressed in this genus (60). The 
periplasmic enzymes are thought to be involved in protection from external oxidative 
stress because of their location. Deletion of the Brucella Cu-Zn SOD has a only 
moderate affect on survival in vivo (65). The regulation of catalase has not been 
previously studied in B. abortus. In this paper, we conducted 2-D protein gel analysis 
of whole B. abortus in resporise to external H202and superoxide. Four proteins, heat 
shock protein 60 (GroEL), heat shock protein 70 (DnaK), catalase and Cu-Zn SOD 
were specifically monitored. The regulation and importance of catalase was 
investigated in more detail. 
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MATERIALS AND METHODS 
Bacterial strains and medium 
Brucella abortus strain 19 was used for protein and RNA analysis. The 
lyophilized form, which is used as a cattle vaccine, was obtained from NADC 
(National Animal Disease Center) and reconstituted as instructed. Brucella were 
maintained on the tryptose agar. For 2-D gel analysis, the bacteria were grown in 
liquid minimal medium. Minimal media was constituted as described by Gerhardt 
(23). Glutamine was used in the place of asparagine. The bacterial strains used for 
this study are listed in Table 1. 
Construction of the deletion plasmid 
Plasmid pCatS (Fig. 1) was double digested with Bgl II and Pst I to remove part 
of the catalase coding region. The cutting sites were polished to blxmt ends by 
incubation with the Klenow fragment of £. coli DNA polymerase I. Plasmid 
pBRHneo was digested with Hind HI the 1.4 kb fragment containing the neo gene 
was isolated from an agarose gel after electrophoresis and incubated with 
deoxynucleoside triphosphates plus the Klenow fragment of E. coli polymerase 1 to 
fill the overhangs. This 1.4 kb fragment was cloned into the double digested pCatS 
by blunt end ligation. Both 5' and 3' ends were sequenced to confirm the 
replacement of the catalase coding sequence with the neo gene. The resulting 
plasmid was named pCatDEL (Fig. 1), and was used for gene replacement in B. 
abortus. 
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Transformation of Brucella abortus 
To make the catalase deletion mutant of B. abortus, we introduced pCatDEL to 
B. abortus by electroporation. The basic procedure followed the method of Tatum et 
al (65). Briefly, competent B. abortus were prepared by washing with water and kept 
frozen in 10% glycerol until used. 2ug of plasmid was mixed with Brucella and 
electroporated at a setting of 25uF and 2.5kV with the pulsar controller set at 200Q 
using a Gene Pulsar transfection apparatus (Bio-Rad Laboratory). After 
electroporation, cells were plated on tryptose agar containing 25 ug/ml of 
kanamycine and replica plated on trjrptose agar containing 50 ug/ ml of ampicUlin. 
Kanamycine resistant, ampicillin sensitive cells were further tested by PGR and 
Southern blot to confirm the gene deletion. 
Halo assay (Hydrogen peroxide sensitivity assay) 
B. abortus culture was spread evenly on tryptose agar plates. A 5mm diameter 
filter disc was placed on the center of the plate. Then, different concentrations of 
H2O2 were applied to the filter discs. The diameter of the clear zone siirrounding 
each filter disc was measured after 3 days of incubation at 37^C. 
2-D protein gel analysis 
The procedures are based on O'Farrell (49). The detailed methods are described 
in the Millipore Go. manual (47). Brucella strain 19 was grown to log phase (A^oo of 
0.2-0.5) in liquid minimal medium. Nothing, 10 mM H2O2, or superoxide mix 
(0.04unit/ml xanthine oxidase and lOmM xanthine) was added to liquid ailture 
(minimal medium), then bacteria were incubated for one hour. The samples were 
labeled with 50 uGi p^s] methionine during the one hour incubation. After the 
labeling, bacteria were harvested with 10 minutes at 5000 rpm of centrifugation, the 
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bacteria were then mixed with SDS sample btiffer I and boiled for 5 minutes. The 
samples were treated with DNase and RNase (sample buffer II). Total cell lysate was 
precipitated with 5% Trichloroacetic acid (TCA) to remove unincorporated 
radioactivity. Pellets were extracted with acetone to remove the TCA, and 
redissolved in sample buffer containing urea and NP-40 (sample buffer III), and 
100,000 cpm of each sample was loaded on the first dimensional tube gel. 
Isoelectricfocusing was done for 17 hours at lOOOV. Then, the first gel was placed on 
the 12% second dimensional gel and run 3 and 1/2 hours at 14000 mW per gel. Each 
gel was fixed with 5% acetic acid solution and placed on X-ray film after treatment 
with 1 M sodium salicylate for 30 minutes (14). Each fluorograph was scanned and 
analyzed with Millipore Bio image software nmning on a SUN workstation. Values 
reported were from one complete set of experiments. Other experiments yielded 
similar results. 
Western blot 
Antibodies for the Western blots were polyclonal rabbit antisera. Antisera for 
this study were developed in our laboratory and described in detail previously (11, 
26,59). The procedure is based on Towbin et al (66). After nmning the 2-D gel, the 
proteins were electrophoretically transferred to PVDF (Micron Separations Inc.) 
membrane. The membranes were blocked with 1% non fat dry miUc in phosphate 
bxiffered saline (PBS). The blots were incubated with one of the several antisera; anti-
catalase, anti-Cu-Zn SOD, anti-Hsp60, and anti-Hsp70, then washed four times for 
10 minutes with PBS containing 0.03% tween-20. The membranes were incubated 
with horseradish-peroxidase conjugated goat anti-rabbit IgG (Immimo Select) in PBS 
containing 1% non fat milk, rinsed twice with 0.03% tween-20 in PBS, and twice with 
PBS. The blots were visualized with the color reaction (42) of H2O2 and 4-chloro-l-
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naphtol (Bio-Rad Laboratories). 
Catalase assay 
B. abortus was grown in tryptose broth (DEFCO) until the A^oo reached 0.2 to 
0.5. One hour after incubation with 10 mM H2O2 or superoxide mixture, the culture 
was centrifuged and resuspended in PBS. The resuspended cells were sonicated and 
filtered through a 0.22 um Millipore filter disc. Catalase activity was measured as 
described in the Worthington En2)rme Manual. Decomposition of hydrogen 
peroxide was measured at 240 run with a spectrophotometer. The activity was 
measured at 10 seconds intervals for the first minute after mixing with the substrate. 
One unit of catalase is defined as decomposition of one micro mole of hydrogen 
peroxide per minute at the 0.05 M hydrogen peroxide at 250C. 
Dot blot 
Strain 19 Brucella was grown in tryptose broth to mid log phase. Cell aliquots 
were collected 5,10,20, and 40 minutes after adding ImM H2O2 to the culture. The 
Trizol (Bio-Rad Laboratory) method was used for collecting RNA. 10 ug of total 
RNA was applied in small dots on nylon membrane (Micron Separation Inc.). The 
probe was made by direct incorporation of DIG-LJTP during the PCR reaction (37). 
The primers used for the PCR reaction were 5' TGATAACCTGCCGCTGCG3', and 
5'AGATGGGTCCTGGGATGG3'. These primers produce a 800bp fragment of 
coding sequence of catalase gene, when incubated with pCat 2.5. Probe was 
hybridized with RNA containing membrane for overnight at 42PC. All the other 
procedures followed the protocol provided by the company (8). Lumipho-530 was 
used as a substrate for alkaline phosphatase detection. 
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RESULTS 
Sensitivity of the catalase deletion mutant to H2O2 
We made a catalase deletion mutant (Fig. 1) to investigate the protective 
function of the periplasmic catalase. This deletion mutant was confirmed by PGR 
reaction and native polyacrylamide gel analysis (data not shown). 
Resistance to H2O2 exposure is conveniently measured by the halo assay. In 
this test, the clear zone surroimding a filter disc containing H2O2 was measured 
following three days of incubation. As shown in Fig. 2, the deletion mutant is more 
sensitive to external H2O2 by this test. 
2-D gel analysis and identification of protein spots 
Bacteria alter patterns of protein expression while adapting to stressful 
environments. To investigate the adaptation process in Brucella abortus, we 
conducted 2-D protein gel analysis. There are several knovm proteins which are 
likely to be involved in protection against oxidative stress. In this study, we used 
specific rabbit antisera to identify heat shock protein 70kDa (DnaK), heat shock 
protein 60kDa (GroEL), Cu-Zn SOD, and catalase proteins on the 2-D gel pattern. 
Fig. 3 shows the positions of these specific proteii« on the 2-D gel. Hsp 70 and Hsp 
60 are revealed as multiple spots on 2-D gels, catalase as an elongated smear, and 
Cu-Zn SOD as a well defined simple spot. Identification of catalase and Cu-Zn SOD 
spots were confirmed by comparing the 2-D gel pattern of wild type (Fig. 4) with 
deletion mutant stains (Fig. 5 and Fig. 6). 
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Response of Brucella abortus to oxidative stress 
Before the 2-D gel analysis we tested the siuvival of B. abortus for one hour in 
liquid minimal medium with 10 mM H2O2. Survival imder this condition (same as 
the samples used in 2-D gel experiments) was greater than 95% (data not shown) in 
wild type and sodC deletion mutant. The catalase deletion mutant was rapidly kiUed 
by lOmM H2O2, so 100 uM H2O2 was used as the stress condition to catalase 
deletion mutant 
The superoxide stress condition (xanthine plus xanthine oxidase) used for the 
2-D gel analysis was also tested. The wild type and catalase deletion mutant 
exhibited 100% survival, and sodC deletion mutant, 70% survival with the 
superoxide stress condition. 
As has previously been observed by others, many spots increase or decrease in 
intensity in response to oxidative stress (15,38,53). Focusing only on spots which 
changed intensity 10 fold or more, 31 increased and 14 decreased in response to 10 
mM H2O2, and 8 increased and 15 decreased in response to superoxide mix. The 
magnitude of this response is typical of bacteria which have been stressed. 
The behavior of the four identified spots was quite varied (Fig. 4). The heat 
shock proteins, DnaK (A) and GroEL (B), exhibited little change (or a possible slight 
increase). The intensity of the Cu-Zn SOD spot (D) increased 2 and 5 fold , in 
response to H2O2 and superoxide mix, respectively, and the catalase spots (C) 
increased more than 100 fold (from invisible to a major spot) imder both conditions. 
2-D gel analysis on Cu-Zn SOD deletion mutant 
2-D gels of the Cu-Zn SOD deletion mutant (Fig. 5) confirmed the western blot 
identification of Cu-Zn SOD on 2-D gel. In general, deletion of Cu-Zn SOD had or\ly 
minor effects on the spot pattern in response to oxidative stress. DnaK and GroEL 
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behaved similarly to wild type. Catalase was induced less by H2O2 than was wild 
type, but more effectively by superoxide mix. The observations indicate that catalase 
induction does not depend on Cu-Zn SOD. 
2-D gel analysis on catalase deletion mutant 
2-D gels of the catalase deletion mutant (Fig. 6) confirmed the western blot 
identification of the catalase spot. Because 10 mM H2O2 killed the B. abortus catalase 
deletion mutant in one hour, 100 uM H2O2 was used to stimulate this mutant. 
Under this condition, the spot pattern is quite similar with and without stimulation, 
DnaK and GroEL are unchanged, while Cu-Zn SOD is induced 5 fold. Superoxide 
also had little effect on DnaK and GroEL, while Cu-Zn SOD was induced 3 fold. 
Enz5niie activity 
To cortfirm the induction of catalase s)mthesis in response to external H2O2, we 
measured B. abortus catalase enzyme activity in response to added H2O2 and 
superoxide. Catalase en2yme activity was increased by external H2O2 or superoxide 
within one hour (Table 2). 
Dot blot of catalase RNA 
To determine whether or not catalase is regulated at the transcriptional level, 
we conducted a dot blot analysis of catalase transcript as a function of time. Total 
RNA was collected at various times after the treatment with H2O2 or superoxide 
mix. As seen in Fig. 7, RNA levels increased about 2 fold by 10 minutes and stayed 
the steady state until 40 minutes after the hydrogen peroxide treatment, but RNA 
level began to decrease by 40 minutes after superoxide treatment. This result 
suggests that catalase is regulated at the transcription level. 
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DISCUSSION 
It is well established that phagcxy tic cells release active oxygen species which 
kill invading bacteria. Superoxide and H2O2 are toxic in their own right and are 
required for the production of more toxic molecules such as OH and HOQ (28,30). 
An effective strategy for pathogenic bacteria would be the direct inactivation of 
these molecules. Because some bacteria such as Salmonella (21) and Brucella (19) 
survive inside phagocytes for prolonged periods, it seems likely that these species 
would alter their metabolism in response to the phagocyte environment. In fact, 
previous studies have shown that both Salmonella h/pkimurium and Brucella abortus 
change their protein synthetic patterns when ingested by macrophages (15,38,53). 
Pxilse labeling with P^S] methionine, followed by 2-D gel electrophoresis gives 
a rough measure of s)nithetic rates for individual polypeptides. In this study, we 
determined the effect of H2O2 and superoxide on the synthetic rate of DnaK, GroEL, 
Cu-Zn SOD, and catalase by this technique. In a recent report on B. abortus strain 
2308 (53), both DnaK and GroEL exhibited decreased protein expression after 60 
minute exposure to 50 mM H2O2. In contrast, we foimd that DnaK and GroEL 
protein synthetic rate did not change during the stress condition. Strain 2308 is 
generally more resistant to environmental stress than strain 19, but the differences 
may indicate that the bacteria were dying in 50 mM H2O2. Both studies agree that 
the synthetic rates of both DnaK and GroEL respond very little to oxidative stress. 
Abshire reported that Salmonella typhimurium DnaK, GroEL and GroES were not 
increased significantly in the phagocyte (1). Ericsson showed that Francisella 
tularensis DnaK was increased about 5 fold, but GroEL did not increase greatly when 
this organism was phagocytized by macrophages (20). Another study of Salmonella 
ti/phimiirium showed that virulent strains increased heat shock proteins, but 
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avirulent strains did not (12). Even though it is difficult to compare the 2-D gel 
results from different laboratories, it is clear that the macrophage-induced proteins 
are quite often different from those induced in vitro. In Brucella abortus, heat shock 
proteins did not change synthetic rates greatly, whether in intracellular condition or 
in external oxidative stress conditions. Coomassie blue stained one dimensional gels 
indicate that both DnaK and GroEL are major proteins in tmstimulated B. abortus 
(38). One possible explanation is that B. abortus simply maintains high levels of these 
chaperones at all times and does not specifically regulate their synthesis. Another 
possibility is that activity of both DnaK and GroEL are regulated by modification 
(12). Both proteins are represented by multiple spots on 2-D gels, which suggest 
post-translational modification, for example, phosporylation. Post-translational 
modification in response to oxidative stress could regulate activity rapidly without a 
change in translation rate. 
Our results indicate that expression of Cu-Zn SOD is increased 2-5 fold in log 
phase bacteria in response to oxidative stress, with the higher stimulation in 
response to superoxide. Log phase synthesis of this enzyme is never very high as 
judged by the intensity of the 2-D gel spot. In contrast, synthesis of catalase increases 
from "not visible" to a major spot pattern in response to both H2O2 and superoxide, 
and the large increase is accounted for, at least in part, by a rapid increase in 
transcription. 
B. abortus expresses both Cu-Zn SOD and catalase in the periplasmic space. 
Because of this location we hypothesized that these two enzymes may play an 
important role in protecting the cells from oxidative stress (61). E. coli (40), 
Pseudomonas syringae (35), and Bacillus subtilis (39) are known to have more than one 
catalase, whereas Helicobacter pylori (50), Haemophilus Influenzae (7) C. jejuni, B. 
pertasis, Bacteroides jragilis (55), and Brucella abortus (60) seem to have only one 
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catalase. Brucella catalase exhibits sequence homology to the £. coli cytoplasmic 
catalase (HPII), but is regulated differently. Brucella catalase is regulated in response 
to external H2O2, in a manner similar to H. influenzae catalase (7), R. meliloti catalase 
(31) and E. coli catalase-peroxidase (HPI) (56). Phylogenetically, R. meliloti is closer to 
B. abortus and H. influenzae is closer to £. coli. (69), and the catalase evolutionary tree 
is unrelated to the bacterial phylogeny (44). It is an intriguing question as to whether 
the regulatory mechanism of catalase is more related to the catalase phylogeny or 
the bacterial phylogeny. 
Recently there were several reports thatCu-Zn SOD protects cells from 
external superoxide (62). Even though superoxide itself is not very toxic and also 
cannot easily pass through membranes, superoxide can react with H2O2 in the 
presence of transition metals to produce hydroxyl radical, OH, which is very toxic 
to cells (3,4,32). Cu-Zn SOD is regulated in response to external superoxide in 
Caulobacter crescentus (62). We report here, that B. abortus Cu-Zn SOD is upregulated 
in response to oxidative stress. Under the conditions tested in this study, the 
increased synthesis of the enzyme was modest, no more than 5 fold. This is less than 
the induction reported for Caulobacter crescentus (57,62,63). This does not rule out 
the possibility that Brucella Cu-Zn SOD might increase more dramatically under 
other growth conditions. For example, E. coli Cu-Zn SOD is only expressed at high 
levels very late in stationary phase (33). Another possibility is that the stress 
conditions used in this study were insufficient to stimulate strong upregulation. 
Several reports indicate that over expression of SOD in the absence of a parallel 
increase in catalase expression causes cells to be more susceptible to the oxidative 
stress (43,58). This is probably because the product of Cu-Zn SOD activity, H2O2, is 
more toxic to cells than is superoxide. The observation that both Cu-Zn SOD and 
catalase are increased in response to superoxide is consistent with this. The data 
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presented here indicate that the two enzjnnes are probably not regulated by the 
same mechanism. Catalase is induced more than 100 fold in response to external 
H2O2, while Cu-Zn SOD is increased only 3-5 fold. Also, catalase is more effectively 
induced by H2O2, and Cu-Zn SOD is more effectively induced by superoxide. We 
showed that B. abortus catalase is transcriptionally regulated. This suggests that 
regulatory proteins control catalase gene expression. OxyR and RpoS (katF) are the 
known regulatory proteins which control katG and KatE in E. coli, respectively. 
Recently it has been shown that an OxyR homologous protein regulates catalase in 
Haemophilus influenzae (41). 
The survival studies with the catalase deletion mutant (Fig. 2) clearly indicate 
that catalase serves a protective function in the presence of hydrogen peroxide. 
Regulation of this enzyme is presumably one aspect of the adaptation process which 
allows the bacterium to survive under hostile conditions. 
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Table 1. Bacterial strains used in this study. 
Strain Genot3^e Source or Reference 
B. abortus strain 19 wild type NADC 
B. abortus AsodC sodC:: kan 65 
B. abortus Acat cat:: kan This study 
Table 2. Induction of catalase activity in Brucella strain 19 by 10 mM H2O2 or 
superoxide for one hour. 
unit/mg Increase(fold) 
Control 0.65 -
H2O2 2.35 3.6 
Superoxide mix 2.80 4.7 
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HGURE LEGENDS 
Figure 1. Construct of catalase deletion mutant. pCatDEL is the construct used to 
create the catalase deletion mutant. The neo gene was substituted for the part of the 
catalase gene by double recombination. pCatS was digested with Bgl n and Pst 1. 
The C- terminus catalase coding region (about 750 bp DNA fragment) was replaced 
by the neo gene. pCatDEL was introduced into Brucella by electroporation. Double 
homologous recombination on both side of the neo coding sequence region leads to 
gene replacement. The resulting catalase deletion mutant siurvives on the kanamycin 
plate. The transformed Brucella containing pCatDEL without recombination cannot 
survive in the presence of kanamycin, because the pCatDEL does not replicate in 
Brucella. 
Figure 2. Halo assay testing hydrogen peroxide sensitivity of bacterial cell. 
Bacteria liquid culture was grown until the culture reached mid log phase. Then, the 
ailture was spread on tryptose agar plates. A filter disc containing various 
concentrations of hydrogen peroxide was placed at the center of the plates. After 
incubating 3 days, the clear zone surrounding the filter disc was measured. 
Figiure 3. Protein spots on 2-D gel by western blot. Antigen specific antisera were 
used for identifying each indicated protein spot. The arrows on the 2-D gels 
correspond to the arrows on western blot. A. 2-D protein gel of wild type. This gel is 
shows the location of the proteins that we investigated. B. Western blot of catalase. 
Streaked line is a catalase. C. Western blot of Hsp60 (GroEL). D. Western blot of Cu-
ZnSOD. 
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Figure 4. 2-D protein gel analysis: Brucella strain 19 wild type. Brucella was grown 
to mid log phase in liquid culture. 10 mM H2O2 or superoxide mixture was added to 
the culture with [ S] methionine for one hour. 100,000 cpm of each pulse labeled 
sample was subjected to 2-D gel analysis. The pictures shows the protein patterns of 
Brucella with I. no treatment, n. 10 mM H2O2. HI. Superoxide mixture. Arrows 
indicate: A. DnaK, B. GroEL, C. catalase. D. Cu-Zn SOD. 
Figure 5. 2-D protein gel analysis: Brucella strain 19 Cu-Zn SOD deletion mutant 
strain. Brucella strain 19 Cu-Zn SOD deletion mutant was grown in tryptose broth 
until O. D. reached 0.2 to 0.5.10 mM H2O2 or superoxide mixture was added to the 
Off 
culture with [ S] methionine for an hour. 100,000 cpm of each pulse labeled sample 
was subjected to 2-D gel analysis. The pictures shows the protein patterns of Brucella 
in 1. no treatment. EE. lOmM H2O2. in. Superoxide mixture. Arrows indicate A. 
DnaK, B. GroEL, C. catalase. 
Figure 6. 2-D protein gel analysis: Brucella strain 19 catalase deletion mutant 
strain. Brucella strain 19 catalase deletion mutant was grown in trj'ptose broth until 
O. D. reached 0.2 to 0.5.100 uM H2O2 or superoxide mixture was added to the 
culture with [ S] methionine for an hour. 100,000 cpm of each pulse labeled sample 
was subjected to 2-D gel analysis. The pictures shows the protein patterns of Brucella 
in I. no treatment. II. 100 uM H2O2. HI. Superoxide mixture. Superoxide was 
generated by xanthine oxidase plus xanthine. Arrows indicate A. DnaK, B. GroEL, 
D. Cu-Zn SOD. 
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Figure 7. Dot blot. mRNA of catalase at time points after 10 mM H2O2 or superoxide 
treatment. Superoxide was generated as for 2-D gel analysis. 5ug of total RNA was 
applied to each dot. The blot was hybridized at 42°C in formaldehyde with 
nonradioactive (digoxygenine) labeled Brucella catalase probe. The detection was by 
the chemiluminescent-alkaline phosphatase method. 
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Figure 1. Structure of the pCatDEL plasmid. 
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Figure 3. Protein spots on 2-D gel by western blot. 
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Figure 4. 2-D protein gel analysis: Brucella strain 19 wild type 
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Figtire 5. 2-D protein gel analysis: Brucella strain 19 
Cu-Zn SOD deletion mutant strain. 
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Figtire 6. 2-D protein gel analysis: Brucella strainl9 
catalase deletion mutant strain. 
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CHAPTER III. OXYR REGULATES PERIPLASMIC CATALASE IN 
BRUCELLA ABORTUS 
A manuscript to be submitted to Infection and Immunity 
Jeonga Kim^, and John E. Mayfield^ 
ABSTRACT 
OxyR is known as a sensor and an activator of several genes which serve 
defensive purposes in pathogenic bacteria. Hydroperoxidases have important roles 
in protecting bacterial cells from the stress of H2O2, and hydroperoxidases are 
sometimes regulated by OxyR in response to oxidative stress. E. coli OxyR regtdates 
katG (peroxidase), whereas Haemophilus OxyR regulates catalase (hktE). B. abortus has 
only one hydroperoxidase, a catalase, which is periplasmic. Immediately upstream 
of the B. abortus catalase gene is an open reading frame with sequence similarity to 
E. coli oxyR. The predicted amino acid sequence exhibits a conserved helix-tum-helix 
motif characteristic of the LysR family of transcription factors. Brucella catalase and 
oxyR are transcribed in opposite directions such that they share a common promoter 
region. This 40 bp region exhibits sequences which strongly resemble the E. coli 
OxyR binding motif. In this paper, we report the cloning and sequencing of B. 
abortus oxyR and demonstrate that the OxyR protein binds to the catalase promoter 
region. These data strongly suggest that the Brucella oxyR protein is a transcription 
factor which regulates B. abortus catalase. 
1 Primary researcher and author 
2 Major Professor 
53 
INTRODUCTION 
Catalase converts hydrogen peroxide to molecular oxygen and water. This 
function is very important for protecting proteins and nucleic acids from oxidation 
(21,39). Most aerobic organisms possess this enzyme to detoxify hydrogen peroxide 
which arises from the oxidative metabolism (16). In pathogeruc bacteria, catalase is 
thought to be related to the virulence (19,28). Upon the infection, phagocytic ceUs 
undergo a metabolic burst which gives rise to hydrogen peroxide and other reactive 
oxygen intermediates (3,33). It is believed that pathogenic bacteria siurvive this 
attack, in part, because of the activity of this enzyme (25). 
Brucella abortus is a facultative intracellular parasite. This gram negative 
bacterium causes disease in cattle (29). Catalase in Brucella is considered a virulence 
factor (19). It was reported that adding exogenous catalase prevented strains with 
low catalase activity from being killing by polymorphonuclear neutrophils (PMNs) 
(20). 
In E. coli, two hydroperoxidases are foimd (26). One is a periplasmic catalase-
peroxidase (HPl), the other is a cytoplasmic catalase (HPII). katG (HPI) and katE 
(HPII) are transcriptionally regulated by oxyR and katF (RpoS), respectively (30, 32, 
38). katG is induced by external H2O2. katE is not induced by H2O2/ but rather, by 
growth stage. Deletion of either oxyR or katF causes £. coli to be more sensitive to 
H2O2, and results in higher spontaneous mutation rate (37). Thus, both catalases 
play important roles in E. coli (30,32,38). 
The OxyR regulatory mechanism has been extensively studied in £. coli and 
Salmonella (5-7,23,24,40-44). OxyR has also been found in several other gram 
negative pathogenic bacteria including: Salmonella (7), Mycobacterium (36), and 
Haemophilus (27). OxyR is known to regulate expression of nine polypeptides in £. 
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coli (6). katG is one of the OxyR regulated proteins. Brucella seems to deal with 
hydrogen peroxide somewhat differently than E. coli. There is only one known 
catalase activity in B. abortus. The enzyme is fotmd in the periplasm even though the 
DNA sequence does not reveal a recognizable signal sequence. The nucleotide 
sequence is homologous to E. coli katE, a cytoplasmic enzyme (34,35). In a previous 
report, it was shown that Brucella catalase is transcriptionally regulated in response 
to external H2O2 (22). In this paper, we report that Brucella catalase transcription is 
apparently regulated by an OxyR-like regulatory protein. 
MATERIALS AND METHODS 
Bacterial strains and medium 
E. coli were grown in LB meditim. Routinely, Brucella abortus was kept on 
tryptose agar. Tryptose broth was used for liquid culture. The minimal medium 
used for Brucella culture is based on the Gerhardt formulation (14). 
Primer extension 
Strain 19 Brucella abortus was grown in tryptose broth. The details of the 
procedure are described elsewhere (2). 20 ug of total RNA was used for each 
reaction. Primer extension followed the method included with the Promega AMV 
primer extension kit. Total RNA was collected with Trizol (Bio Rad Laboratory) 
from Brucella abortus grown in tryptose broth. 
The primer (5'-GCACTCGTCGTCATTATCGGGCGATCTGTC-3') located 29bp 
down stream from the catalase initiatior ATG was labeled with p^p] y_ATP. The 
annealing temperature was 550C, and primer extension was performed at 420C for 
half an hour. Sequencing of the catalase promoter region was based on the same 
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primer xising Sanger sequencing method (Promega £mol sequencing kit). After 
primer extension, the reaction mixture was precipitated with alcohol and loaded on 
a 6% denaturing sequencing gel. 
Gel mobility shift electrophoresis 
The procedure follows that described in Current Protocols in Molecular 
Biology (2,44). Brucella abortus was grown in tryptose broth. The cell pellet was 
washed once with PBS, and sonicated 5 times, 1 minute each time. The cell extract 
was centrifuged and the supernatant filtered through a 0.22 um Millipore syringe 
filter. The cell extract was kept frozen tmtil it is used. PCR product generated with 
the following primers: 5'-TGATAACCTGCCGCTGCG-3' and 
5'-TCTGGTTGTCCGGTATCG-3', was labeled with y-p2p] ATP. The PCR product 
includes the OxyR binding motif. The reaction mixture contains 0.1 ug poly (dl-dC), 
2 mM DTT, 1 ug BSA, 5ug of Brucella abortus extract, 5 mM Tris (pH 8.0) 
50 mM KCl, 1 mM EDTA, and 10% glycerol. 1000-5000 cpm of probe was used in 
each reaction. After the incubation with DNA probe and the reaction mixture at 
room temperature for 10 minutes, the samples were loaded onto a 4% native 
polyacrylamide gel. 0.6 % TBE buffer was used for nmning buffer. After running the 
gel, the gel was dried and exposed to x-ray film. 
Southwestern blot 
The basic procedure is described in Current Protocols in Molecular biology (2). 
Briefly, B. abortus cell extract was collected by sonication as described above, and 
filtered. The protein extract was run on a 12% SDS poly acrylamide gel as usual, 
then the gel was transferred to PVDF nylon membrane (Micron Separations Inc.) 
following the western blot method. The membrane was incubated with blocking 
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buffer (10 mM Tris, pH 7.5,5% non fat dry skim milk (NFM), 10% glycerol, 2.5% NP-
40,0.1 mM DTT, 150 mM NaQ) at room temperature 3 times for 45 minutes each, 
then briefly washed with binding buffer (10 mM Tris, pH7.5,40 mM NaQ, 1 mM 
EDTA, 1 mM DTT, 8% glycerol, 0.125% NFM). The blot was incubated with binding 
buffer containing 5 mM MgCl2/100,000 cpm/ ml of labeled probe (same probe as the 
gel shift), 1 ug/ml poly (dl-dC) with and without lOX excess competitive probe 
(tmlabeled probe) overnight. After the incubation, the blot was washed with binding 
buffer 3 times, for 30 minutes each. The blot was dried and exposed to X-ray film. 
Cloning and sequencing of Brucella oxyR 
The putative boxyR gene was found by comparing the upstream open reading 
frame of the catalase gene with Gene Bank. Existing catalase containing clones did 
not include the entire oxyR gene. Part of the catalase gene (EcoRI and Dral double 
digested 0.8kb fragment) was used for a Southern blot on Brucella genomic DNA. A 
lOkb band was detected on a PstI digested Brucella genomic DNA southeren blot. 
lOkb to 12 kb PstI digested Brucella genomic DNA was cut and isolated from agarose 
gel. Then, a Brucella PstI plasmid genomic library was prepared and screened for 
colonies which bubbled vigorously when a drop of 30% H2O2 was placed on them. 
Five independent positive clones were found among 200 colorues tested. 
Sequencing was performed by Nucleic Acid facility in Iowa State University. 
Nucleotide sequences were analyzed using the GCG program. 
Hydrogen peroxide sensitivity assay (Halo assay) 
E. coli or Brucella abortus liquid culture was evenly spread on agar plates. A 
3MM disc with diameter of 5 mm was placed in the middle of each plate. 10 ul of 
10% H2O2 was loaded onto each paper disc, and the plates were incubated at 37oC. 
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Following incubation, the diameter of halo around the paper disc was measured and 
recorded. 
RESULTS 
Primer extension 
In a previous paper (22), we showed that catalase is regulated at the 
transcriptional level. This suggests that there should be one or more transcriptional 
factors which bind to the catalase gene promoter. To investigate the promoter region 
in more detail, we identified the catalase gene promoter by primer extension. Fig. 1 
shows this result. The -35 and -10 regions were decided by similarity with known 
promoters (7) and by proximity to the 5' end of catalase mRNA. These sequences can 
be seen in the nucleotide sequence of B. abortus oxyR gene (Fig 6). Sequences in this 
region were compared with other known transcription factor binding sites. The B. 
abortus catalase promoter region exhibits strong similarity in primary sequence to 
the E. coli OxyR binding sequence (44) (Fig. 2). This comparison suggested that an 
OxyR homologous molecxile might regulate the B. abortus periplasmic catalase. 
Gel mobility shift 
To determine if there were any specific proteins which bind to the catalase 
promoter region. We performed a gel mobility shift assay with B. abortus soluble 
extract. As Fig. 3 shows, a 350bp DNA fragment containing the catalase promoter is 
shifted in this assay, and the pattern is not changed by excess non-specific poly (dl-
dC). In the presence of 10 fold excess cold specific DNA, the band reverts to the 
tmboimd position. This is strong evidence for a specific B. abortus protein which 
binds the catalase promoter region. 
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Southwestern blot 
To confirm the gel mobility restdt, we performed a southwestern blot. In this 
procedure, proteins separated by gel electrophoresis are transferred to a membrane 
and probed with labeled DNA fragment. Two B. abortus protein bands (Fig. 4A) 
were revealed when the blot was incubated with labeled promoter probe plus 
poly (dl-dC). A second blot was incubated with labeled probe plus 10 fold excess 
unlabeled probe (Fig. 4B). Under these conditions, the higher molecular weight band 
(35kDa) did not appear while the lower molecular weight band continued to be 
identified. This result indicates that there is a 35kDa B. abortus peptide which binds 
specifically with the catalase gene promoter region. 
Cloning and sequencing 
A map of the cloned PstI fragment of catalase and boxyR is shown in Fig. 5. The 
region upstream of the catalase gene was subcloned and sequenced. pboxyR3.0 
contains the fragment of EcoRI and EcoRV, and includes boxyR gene and part of 
catalase gene. pboxyR2.0 contains the fragment of Dral and EcoRV, which encodes 
only boxyR promoter and the gene. The nucleotide sequence and deduced amino 
acid sequences of boxyR are shown in Fig. 6 and Fig. 7. Brucella oxyR exhibits modest 
nucleotide sequence identity with known oxyR genes from other bacterial species: E. 
coli (43%), H. Influenzae (42%), M. avium (45%). The putative -35 and -10 promoter 
region (shaded) of boxyR overlaps with the -10 and -35 regions (imderlined) of the 
catalase gene. The boxyR open reading frame predicts a polypeptide of 317 amino 
acid, and a molecular weight of 35kDa. The predicted protein size agrees with the 
southwestern blot results. 
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Complementatioii (Hydrogen peroxide sensitivity) 
An E. coli oxyR deletion mutant, TA4112 (7), was compared by halo assay with 
the same strain containing either E. coli oxyR (AQ17) or B. abortus oxyR on pUC118. 
The clear zone with and without oxyR gene in E.coli were measured as 22mm and 
33mm, respectively. But the clear zone with boxyR gene in TA4112 showed 32mm or 
33mm, which is the same size as the oxyR deletion mutant. This result indicates that 
hoxyR does not complement the ability of E. coli oxyR to protect E. coli from external 
H202(Table2). 
Complementation (Gel mobility shift with bOxyR) 
Analysis of the predicted amino acid sequence revealed an N-terminal helix-
tum-helix motif similar to other OxyR proteins. The gel mobility assay was 
performed with total proteins from E. coli TGI containing plasmid pboxyR 2.0. As 
seen in Fig. 8 (lane J and K), E. coli TA4112 proteins do not shift the catalase 
promoter fragment, but the exfract from E. coli TGI containing pboxyR 2.0 and B. 
abortus exfract shift the fragment the same distance. The experiment also suggests 
that E. coli oxyR binds to the B. abortus catalase promoter since AQ17 (E. coli oxyR 
containing plasmid) proteins shift the catalase promoter fragment. From this 
experiment, we conclude that the cloned gene encodes a protein which binds to the 
catalase promoter region. 
DISCUSSION 
Adaptation is an important sfrategy for bacterial survival. Nutrient deficiency, 
heat, cold, population density, and toxic chemicals have all been shown to cause 
bacteria to alter the pattern of proteins expressed (4). The ability to respond quickly 
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to stress conditions is a key factor for survival. The interactions between host and 
pathogenic bacteria is another example where adaptation is critical to bacterial 
survival. The production of oxidative intermediates by the host is known to be an 
efficient defensive response to bacterial invasion. Successful bacterial invaders 
counter with various adaptations which allow survival and colonization (8,9,11-13, 
15,17). 
£. coli OxyR transcription factor regulates 9 genes, including katG, and ahpC. 
OxyR is both a sensor and signal molecule that is involved in the adaptation process 
which occurs during oxidative stress, OxyR apparently takes on different 
conformations depending on the oxidative state of the cell (6,7,10,38,43,44). OxyR 
binds to DNA in either state, and represses its own expression. Transcriptional 
activation occurs when OxyR changes conformation in response to oxidative stress 
(44). The conformation change causes altered DNA binding. This, in turn, causes a 
change of DNA structure, which is proposed to activate gene expression through 
interaction with RNA polymerase (1,18,40). 
Only one catalase activity has been found in Brucella. The enzyme responsible 
for this activity is similar to E. coli katE (35). E. coli has a second enz)nne, a catalase-
peroxidase (katG) with catalase activity. This enzyme, which is regulated by oxyR is 
tmrelated to katE and Brucella catalase. Recently, an H. influenzae catalase has been 
reported to be controlled by an OxyR like protein (27). The H. influenzae OxyR shows 
a high degree of sequence similarity to £. coli OxyR (70% amino acid identity), 
whereas B. abortus OxyR exhibits a low (37%) identity. We show in this paper that 
both E. coli OxyR and B. abortus OxyR bind to the Brucella catalase promoter (Fig. 8), 
but Brucella OxyR does not activate E. coli katG (Table 2). We suspect two reasons for 
this; The B. abortus OxyR moleciile maybe so different that it cannot properly 
interact with RNA polymerase, or the mechanism of activation might be different. It 
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is intriguing that the same transcription factor activates different genes in different 
bacterial species. Since Brucella has only one catalase, the enzyme must protect the 
bacterium from both external and internal sources of hydrogen peroxide. 
Brucella OxyR belongs to the LysR gene family (31). It has a helix-tum-helix 
motif which is highly conserved throughout the LysR family, it is a transcription 
regulator, and it exhibits sequence similarity with other members of the family (Fig. 
9). All known oxyR genes share promoters with other genes, as do most members of 
the larger LysR family (18,31), boxyR seems to share a promoter region with 
catalase. This is the first report of a catalase gene sharing a promoter with its 
transcription regulator. This strongly suggests that Brucella oxyR is autoregulated. In 
many other studies, overlapping promoters control bidirectional transcription (31). 
Two features distinguish OxyR proteins from the larger LysR family. First, 
most LysR proteins require coinducers which bind the middle part of the proteins. 
OxyR proteins do not require coinducer binding because they act as both sensor and 
DNA binding agent. In studies of E. coli OxyR, C199 and C208 have been shown to 
be critical to redox sensing. The conservation of this cystein residue in several 
species supports the hypothesis that OxyR makes disulfide bonds when it is in the 
active form (38). Brucella OxyR has this conserved cysteins (position 206, and 215, 
Fig. 7). The second feature which distinguishes OxyR proteins is that they function 
as tetramers, whereas other LysR family members function as dimers (18,23,24,31). 
We have not determined whether or not Brucella OxyR functions as a tetramer. 
Glutamic acid E225 is thought to be very important for tetramer formation (23). 
However, B. abortus has serine at this position (position 232, Fig 7). This suggests 
that Brucella OxyR might function differently from E. coli OxyR. Gel mobility shift 
data may indicate that Brucella OxyR also function as a tetramers, since both E. coli 
and B. abortus OxyR proteins bind to the Brucella catalase promoter region and 
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produce a similar shift. 
One study on Mycobacterium reported that inactivation of an OxyR homolog 
did not affect bacterial pathogenicity (36). The same study also reported that a strain 
with constitutive high expression of catalase was more pathogenic than a strain with 
regulated expression (19). However, this comparison was made between two 
different species of bacteria and is difficult to interpret. In H. influenzae, deletion of 
an oxyR homolog changed the growth pattern of the bacteria (27). The oxyR gene 
was required for the normal growth. In other species, OxyR regulates several genes 
that are involved in protection from oxidative stress. Other genes regulated by 
boxyR have not yet been identified in Brucella abortus. 
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Table 1. Bacterial strains and plasmids used in this study. 
Bacteria species / 
Plasmids 
Strains Genot)^e Source or 
Reference 
Brucella abortus strain 19 wild type wild type NADC 
E. coli TGI -
E. coli TA4112/AQ17 oxyR 7 
E. coli TA4112 AoxyR 7 
pUCllS -
peat 2.9 pUCllS 33 
pboxyR 10 pUCllS oxyR+, cat+ In this study 
pboxyR 2.0 pUCllS oxyR+ In this study 
pboxyR 3.0 pUCllS oxyR-i- In this study 
pboxyRneo pUCllS oxyR::}can In this study 
Table 2. Halo assay (Complementation for hydrogen peroxide sensitivity). 
Bacterial strains *Halo diameter (mm) 
TA4112/pUC118 33 
AQ17 22 
pBoxR 2.0 32 
pBoxR 3.0 33 
* Halo diameters were determined by average of three experiments. 
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HGURE LEGENDS 
Figure 1. Primer extension of catalase. AMV reverse transcriptase was used for the 
primer extension. The sequencing was done with the same primer used for the 
primer extension. ACTG indicates the sequencing ladder, PE indicates the primer 
extension product. +1 (T) indicates the starting nucleotide of Brucella catalase 
mRNA. 
Figure 2. Comparison of sequences of OxyR binding sites. The numbers between 
the sequences indicate the nxmiber of nucleotides between putative binding sites. 
Underlined nucleotides match the consensus sequence. 
Figure 3. Gel mobility shift assay. The gel is 4% polyacrylamide. Each sample 
32 
contains 5000 cpm of P labeled 350 bp catalase promoter probe. Cold probe 
indicates the sample also contained 10 fold excess of imlabeled catalase promoter 
probe, lug of salmon sperm DNA was used as non specific competitor. 
Figure 4. Southwestern blot. Brucella extract was separated in 12% polyacrylamide 
SDS gel, and protein was transferred to nitrocellulose. The membranes were 
5 32 incubated with 5x10 cpm of P labeled catalase promoter probe without (panel A) 
or with (panel B) specific competitor DNA added. 
Figure 5. Physical map of cloned boxyR. pboxRlO is a catalase positive clone from 
the 12kb pstl library. pboxyR 3.0 subclone includes part of catalase promoter region, 
and the entire oxyR gene. pboxyR 2.0 clone includes only the Brucella oxyR gene. 
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Figure 6. Nucleotide sequence of Brucella oxyR. Underlined bold ATG and TTA 
are the start and stop codons respectively. The shaded letters indicate the predicted -
35 and -10 regions of Brucella oxyR promoter. Underlined nucleotides indicate the 
-35 and -10 regions of the Brucella catalase promoter. The * mark indicates the 
catalase mRNA start site. The catalase open reading frame starts at the ATG above 
the first arrow. 
Figure 7. Alignment of OxyR protein sequences. The predicted B. abortus OxyR 
protein sequence compared vnth other bacterial OxyR sequences. Bold letters 
indicate the helix-tum-helix motif. Underlined C is (position 206 and 215) the 
conserved cystein thought to be a redox sensor. Underlined E (position 232) in E. coli 
oxyR is the glutamate residue which may be involved in the tetramer formation. 
Figiure 8. Gel mobility shift assay (Complementation of binding ability). The 
32 probe is P labeled DNA fragment containing catalase promoter probe. A: no 
protein extract. B: Brucella protein extract. C: Brucella protein extract with added 
cold probe. D: pBoxyR3.0 extract. E: pBoxyR3.0 protein extract with added cold 
probe. F: pBoxyR2.0 protein extract. G: pBoxyR2.0 protein extract with added cold 
probe. H: AQ17 protein extract. AQ17 is a plasmid containing £. coli oxyR. I: AQ17 
protein extract with added cold probe. J: TA4112 protein extract. TA4112 is a E. coli 
oxyR deletion mutant. K: TA4112 protein extract with cold probe. 
Figure 9. Alignment of LysR family protein sequences. N-terminal region of LysR 
family proteins. The bold letters mark the helix-tum-helix motif which is the most 
conservative region among the LysR family. 
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Figure 1. Primer extension of Brucella catalase mRNA. 
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proposed ATAG CTAT ATAG CTAT Ma-tch 
motif 
ATAG 7 CGAT 7 ATAG 7 CGM 14/16 
ka.tG TA^ 7 CTAT 7 GTGG 7 CA^ 11/16 
apbC TTAG 7 TTAT 7 ATAA 7 GCM 11/16 
Ma mom MCT 7 CGM 7 MTG 7 GGTC 9/16 
gotA TCGT 7 TAAT 7 MTG 7 CTAT 9/16 
Bacat ATAG 7 TTAT 7 ^ CA 7 CAM 11/16 
BoxyR MTG 7 TGTT 7 ATAA 7 CTAT 11/16 
Figure 2. Comparison of sequences of OxyR binding sites. 
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Brucella 
extract(ug) 
Cold 
probe 
Nonspecific 
competitor 
25 5 25 25 0 
+ 
+ 
Figure 3. Gel mobility shift assay. 
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Figure 4. Southwestern blot. 
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pboxyRlO 
PstI EcoRI EcoRI Dral HinDHI EcoRV 
J I L 
PstI 
cat oxyR 
pboxyRS.O 
pboxyR2.0 
Figure 5. Physical map of cloned hoxyR. 
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1 GGCAGTCAGC GAGTTCTGGT TGTCCGGTAT CGGAGCGCCT GCACTCGTCG 
51 TCATTATCGG GCGATCTGTC ATGGAATAAT CCTCCTGCAA TTTCATCGTT 
<- catalase 
101 TTAAACTACT ATTCGCGCTA 
if 
CCGAAGGCGT GAGGCGACGG GGAAACATCA 
151 CACCGGGGCG AAACCATTTG TCTCAATTAG ACCTATTCCA ATAATAATCT 
boxyR-: 35 cat -10 boxyR-10 cat 
201 CCAATTGCTT TTTTTGTTAT TATTGATAAG ATTTTCCTAT CATGTTTACA 
boxyR -> 
251 GTCCGTCAAA TACGCTATTT CGATGCGCTT GCCTCTACCC TGCATTTTCG 
301 CAAGGCCGCC GAACTGGCCC ATGTTTCACA ACCAGCACTC TCCGCCCAGA 
351 TTGCAGAAAT GGAGGCAATC GCGGGTGCAC CGCTTTTCGA GCGCTCGCAG 
401 CGGCAGGTTA TCATGACCGA GCTTGGAAAG CACCTTTATC CTGGCATCAA 
451 GGCCATCCTG CGCGAATTAC AGAAGCTGGA GGAAATAGCC GCACAAAGCC 
501 GTGGCCTGCT GCAAACGGGC ATAAAGCTCG GGATCATTCC CACCGTCGCG 
551 CCCTATCTCG TGCCGGTTCT CATTCCCCTG CTGCACGAAC AGCATCCATC 
601 TTTCCGCCTA CAGTTGCGCG AGAGCGTCAC GGCAAAATTG CTGGAAGAAC 
651 TGCACGCTGG CGATCTGGAC GCCATTGTTG CCGCCTTGCC GATCGATGAC 
701 GAGAAGCTTA GCCACCAGAA GCTTTTCGAC GACCGTTTTC TCATCGCCAC 
751 CTCCACCAAC GACCATACGG TTCTCGCCTC GCCGATGACG CAGAACCATG 
801 CCGCGCTGGA ACGACTTCTG CTGCTGGAGG AAGGCCATTG CATGCGCGAC 
851 CAGGCGCTCG CCGTTTGCAC CCTGCCCTCC CAGCGGCAAC TGGTGAAATA 
901 CGGCGCAACC AGCATGAGCA CGCTTTTGCA GATGGTCAGC CATGGCATGG 
951 GGCTGACGCT GATCCCCGAA ATTGCCGTTC GTGCCGAAGC GCGCAGCAAC 
1001 CATATGCGCA TCGTGCCTTT CGAGGGGGAA CAACCCAAGC GCGAGATTGC 
1051 ACTTTTCTGG CGGCGGCAAA GCATGCGCGG GAAAGATTTT CGAGCGCTCG 
1101 CCGAATGTAT TGCAGAAAGT GCTAATAAAC TAAAGATAGA TCCTTCCAAG 
1151 ATTGATACTT ^ ^TTAGATAA CCCTTCTACC CCTTCATATT CTTAATGTTA 
1201 TATTAAGCCT GAAAGTATAG CCCCCAAATG TTTTGATTCC AAAACACATA 
1251 TATGGAGGGA ATAATGAGGT GGTCCGATGT GGGGATCTAT GGTGTCGTCT 
1301 TTTGCCTGAG CCTTGGCTAT TTTGCGGCGA CGAGCGACAG TTCACGCTCA 
1351 AAACCGGCTT CGGCACGGCC GCACGCCAGC AACGTTGCGG AAAACAGCAC 
Figure. 6. Nucleotide sequence of Brucella oxyR. 
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Brucella 
acalco 
M. avi 
H. influ 
E.coli 
Brucella 
acalco 
M. avi 
H.influ 
E.coli 
Brucella 
acalco 
M. avi 
H. influ 
E.coli 
Brucella 
acalco 
M. avi 
H.influ 
E. coli 
Brucella 
acalco 
M. avi 
H. influ 
E.coli 
Brucella 
acalco 
M. avi 
H. influ 
E.coli 
Brucella 
acalco 
M. avi 
H. influ 
E.coli 
MFTV 
MAALPSL 
MPOKTYQPTI AGLj 
MNI |dl: 
MNI iDL 
lEffiKH |Y§GIKgip |l|k|E§I| 
pHeq wararvl|a da|d|mrl 
PQIAE iL|HAQgvVE AADAFT. 
IQsIML IVDQART (LF^QASML ivDQART 
100 
^RGLiQTil 
SR emsepItgdl 
gStdp|ra|m 
NQGKEMTGPL 
Iqgetmsgpl 
101 
FILT DEV _ 
•GI Ai: 
iYIVj|M| kaa: 
HIIIMI iQTFf 
:SF: 
Kl 
GLTgR VT|D' 
DLEVF 
klemy bh: 
151 200 
KLSHQK^D R^liTi tn| htvla|pmtq St 
R GLKVADIAKE NLYLVCNKHg KHSVNAHSLD D.LD|S| 
;TA GVTAIPIYfE D|VL|LgPGH PLAGKRRVPA TAL|DLP| 
iTVPETi afievp^e k^l|vsehh pwaqe|klpm Iqlngqen 
KESi AFiEVpg||E pm|l|iyedh pwanrecvpm adlag|k^ m 
201 250 
CLPSQ IQLVKYG^ MS^LO^H jiypL^i^ 
|PIGER KNDNRLKgSg LpfaVEl^S NLSF^LjH 
IHKAGV gAELANTRAA SLATAVQCVT |GLGVTLIPQ 
|DY|FTAGA KENSHFQ^ g LE|BRN@AA NA|I|F^ L^ 
'IGEIFEAGA DEDTHFR^ | L^ RN^ AA |s|l|LLpL 
251 300 
®RAiAR|NH MRIV|E1G|Q gKgE^FWg |Q§MRGKiFR A^CIAESA 
flNTHMLKFN DDLLVKglHN APSRTLALIT g^TPLQSEF DVILDILKRI 
SAVPVEAfRS RLGLAQFAAP RPGRRIGLVF SS|SGRD|SY RELAGLIGEL 
liNiGTRKG VKYliCYSPE |s|T^^Y| PgIpLRNRYE RVjSAVSDEV 
Ippbrkrdg wylIcikpe iRiT^^Yg pgIplrsrye qSaIrarm 
301 320 
NKLKIDPSKI DTLLDNPSTP SYS 
TATLH 
ISSQHQVRLV K 
KSILDGLK 
DGHFDKVLKQ AV 
Figure. 7. Alignment of OxyR proteins. 
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A  B C D E F G H  I  J K  
Figure 8. Gel mobility shift assay (complementation of binding ability). 
Helix turn Helix motif 
boxyR iyiFTVR..QIR YFDAL. .AST L.HFRKAREL AHVSQPJUiiSA QIAEMEAIAG PLAFERSQRQ V.IMTELGKH 
Oxyeco MNIR..DLE YLVAL.,AEH R.HFRRAADS CHVSQPTLSG QIRKLEDELG VMLLERTSRK V.LFTQAGML 
OccR MNLR..QVE AFRAV..M.L TGQMTAAAEL MLVTQPAISR LIKDFEQATK LQLFERRGNH IIP.TQEAKT 
NodDl MRFKGLDLN LLVALDALMT ERNLTAAARS INLSQPAMSA AVGRLRVYFE DELFTMNGRE LVL.TPRAKG 
NodD MRFKGLDLN LLVALNALLS EHSVTSAAKS INLSQPAMSA AVQRLRIYFN DDLFTINGRE RVF.TARAES 
NahR MELRDLDLN LLVVFNQLLV DRRVSITAEN LGLTQPAVSN ALKRLRTSLQ DPLFVRTHQG MEP.TPYAAH 
CysB MKLQ..QLR YIVEV..VNH NLNVSSTAEG LYTSQPGISK QVRMLEDELG IQIFSRSGKH LTQVTPAGQE 
Figure 9. Alignment of LysR family protein sequences. 
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CHAPTER IV. GENERAL CONCLUSIONS 
The oxygen molecule is highly reactive, and it generates various oxygen 
compounds. All aerobic organisms face oxidative stress either from the environment 
or firom their own metabolism. Thus, aU organisms have enzymatic machinery to 
protect them from oxygen. Pathogenic bacteria posses various strategies for evading 
the host protective systems. One of the host responses is the oxidative burst, which 
is very effective at killing bacteria. Despite this host defense, pathogenic bacteria 
have the ability to adapt and grow inside the host, so disease develops. In this 
research, I studied the regulation of catalase. In Brucella abortus, catalase is presimied 
to be an important enzyme for bacterial survival. 
Catalase is regulated by external hydrogen peroxide 
The oxidative burst of phagocytic cells gives rise to various reactive oxygen 
derivatives. Hydrogen peroxide is one of these oxygen intermediates that could 
damage cell walls, proteins, and DNA. Catalase converts hydrogen peroxide to 
water and oxygen and is known to be an important virulence factor in the 
pathogenesis of some bacteria. However, location, characteristics, and regulation of 
catalase are different from bacterial species to bacterial species. In Brucella abortus, 
only one catalase has been found, and it is present in the periplasm. In this study, we 
showed that a mutant sfrain of B. abortus not expressing catalase is much more 
sensitive to H2O2 under culture condition. I also showed that Brucella catalase is 
regulated by external hydrogen peroxide, and that the regulation is at the 
transcriptional level. 
80 
OxyR regulates the catalase transcription 
Adaptation is one the most important processes that allow bacteria to survive 
in the world. Adaptation occurs when a bacterium changes its physiology in 
response to the envirorunent. Heat, cold, osmotic shock, pH change, heavy metals, 
nutrient deficiency, and oxidative stress are examples of environmental conditions 
which are known to induce bacterial adaptation. Many proteins must be regulated at 
the RNA transcription level for bacteria to exhibit adaptation. 
Although the detailed characteristics differ, catalase is widely distributed in 
eukaryotes and prokaryotes. However, only several cases are known where catalase 
is regulated by an OxyR type molecule. OxyR has the unique characteristic that it is 
not only a transcription factor, but also a sensor of oxidative status. In this 
dissertation, I showed that Brucella catalase is regulated by an OxyR homologue. The 
significances of this work are : First, elucidating the regulatory mechanism helps 
better understanding of a bacterial physiology. Secondly, we could discover the 
major function of catalase in Brucella. Third, by knowing the function and regulatory 
mechanism, we could develop a better vaccine for this pathogeriic bacterium. It is 
possible that the transcription factor itself or a protein controlled by oxi/R could be a 
critical factor that allows Brucella to survive oxidative stress. Most regulatory 
molecules control several en2ymes or proteins that are involved in similar pathways 
or responses. Thus, a transcription factor usually has a broader effect on bacteria 
than a single enzjnne. Studying transcription factors which function in pathogenic 
bacteria will give us better knowledge for protection from or curing of disease. 
The future experiment that compares the deletion mutant of boxyR to wild type 
in sensitivity to hydrogen peroxide and intracellular survival rate will give us a 
clearer idear of the physiological ftmction of oxyR in Brucella. 
81 
APPENDIX. BRUCELLA ABORTUS ARGINASE AND ORNITHINE 
CYCXODEAMINASE GENES ARE SIMILAR TO TI PLASMID 
ARGINASE AND ORNITHINE CYCXODEAMINASE 
A manuscript to be submitted to Biochemistry and Biophysics Acta. 
Jeonga Kim^, and John E. Mayfield^ 
ABSTRACT 
Brucella abortus arginase and ornithine cyclodeaminase genes have been cloned 
and sequenced. These gene sequences are located in the same operon and occur in 
the same order as the homologous genes in Agrobacterium tumefecians Ti CSS 
plasmid. The nucleotide sequences of the two genes have 72% and 65% identity to 
the respective Ti plamid genes. Both genes are present in a single copy, and 
expression of arginase is regulated in response to arginine. 
Multiple pathways of arginine catabolism are known in bacteria. Pseudomonas, 
Cyanobacteria, and Aeromonas each have three or four distinct pathways [1]. One of 
these is the arginase pathway, in which arginase catalyzes the degradation of 
arginine to urea and ornithine. This pathway can provide both nitrogen and carbon. 
Some Agrobacterium strains have the ability to grow on arginine as the sole nitrogen 
and carbon source [2]. 
1 Primary researcher and author 
2 Major Professor 
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Urea produced by arginase is usually cleaved by urease to produce CO2 and 
NH4 [2,3]. Cyanobacteria use the CO2 in photosynthesis [4], and NH4 is a nitrogen 
source for most bacteria. Ornithine is metabolized by several possible pathways. 
One of these utilizes ornithine cyclodeaminase to convert ornithine to proline [1]. 
This pathway has been identified in several anaerobic bacteria, two Pseudomonas 
strains, and in Agrobacterium tumefaciens [3]. Arginase and ornithine cyclodeaminase 
participate in nopaline or octopine catabolism when Agrobacterium invades plants 
[3,5,6,7]. Both arg and ocd are encoded in the noc operon of pTiC58, but only ocd has 
been identified in the occ operon of pTiAchS [3,6]. The ocd gene of pTiAchS exhibits 
66% identity to the ocd of plasmid pTiC58, and the enzymes have quite different 
enzymatic characteristics [6]. arg and ocd are chromosomally located in some 
Agrobacterium strains, but these chromosomal genes have not been investigated in 
detail [2]. 
Brucella abortus is a Gram negative facultative parasite which can survive and 
reproduce inside of mammalian cells. We report here that Brucella abortus possesses 
arg and ocd genes (Fig. 1) which are similar to those of pTiCSS. Both genes were 
found on the same cDNA clone generated by primer extension of total cellular RNA, 
indicating that both genes are transcribed as part of the same mRNA. The total size 
of the operon is unknown. This is the first report that B. abortus uses the arginase 
pathway for arginine catabolism. Brucella ocd exhibits 72% identity with pTiC58 and 
70% identity with pTiAchS. Brucella arg exhibits 65% identity with pTiC58 [7,8]. 
pTiCSS contains arg and ocd in a very large operon. In this operon, a 40kDa protein 
(of unknown fimction) is encoded between arg and ocd. The two genes are adjacent 
on Brucella DNA. Other reported bacterial arginase sequences from two Bacillus 
species [9,10], and ocd from Rhizobium [11], have low sequence identity with 
Brucella arg and ocd, respectively. 
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Genomic southern blot indicates that the B. abortus genes are single copy (not 
shown). Enzymatic assay reveals that Brucella arginase expression is regulated. 
When B. abortus was grown in minimal medium [12] with and without 10 mM 
arginine for one hour and Brucella extract collected by sonication, arginase activity 
was at least 3 fold higher, in repeated experiments, when brucellae were grown in 
the arginine containing medium. These results suggest that expression from the 
operon may be upregulated by arginine. Arginase activity was measured by the 
method described by Schroeder [3]. The assay mixture contained O.IM 
glycine/NaOH (pH 8.5), 20 mM L-arginine, and 0.2 mM Mna2. The mixture was 
incubated at 30^0, followed by treatment with either 5% TCA or urease. The amount 
of urea was determined with a color reaction kit (Sigma Biochemicals Diagnostics, 
procedure no. 535 or no.640). 
Bacterial parasites must be well adapted for survival and reproduction inside 
the host body as well as for survival outside the body. Many pathogens reproduce in 
both environments. Much of the B. abortus life cycle is spent surviving and 
reproducing in the phagosome of the mammalian macrophage [13,14]. No parasite 
can be totally dependent on the host, since no host is immortal. Brucella abortus has 
two principle mechanisms for spread to other hosts. The first is through infected 
macrophages shed in milk. The second is, during pregnancy the bacterium invades 
the placenta and causes massive infection resulting in abortion. Other animals then 
ingest the aborted tissue, and become infected. When considering the possible 
importance of an arginase pathway in this life cycle, there are several interesting 
possibilities. The first is that arginase activity blocks the activity of nitric oxide 
synthase in the phagosome. Nitric oxide production is reported not to be an 
important mechanism for macrophage killing of Brucella abortus [15]. It is possible 
that the arginase pathway blocks NO synthesis by lowering the concentration of L-
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arginine, the substrate of nitric oxide sjnithase. Arguing against this is the high Km 
values for all characterized arginases [9,16,17]. Nitric oxide synthases have very 
low Km's [18,19]. This indicates that arginase should provide poor protection from 
NO production by the phagosome. This argument suggests the role for the enzymes 
is nutrient acquisition. Littie is known about the availability of nutrients in the 
phagosome, but it seems unlikely that it is a nutrient rich environment. Again, the 
high arginase Km creates a conceptual problem. However, yeast arginase is known 
to be upregulated in nutrient poor environments [20]. It has been reported that there 
is a basic amino acid permease in yeast with a very low Km [21,22] which allows 
amino acids to be used even when they are present in low concentration. Another 
attractive possibility is that the arginine pathway provides a particular advantage in 
the damaged placenta, or even in the dead aborted tissue. Both could provide 
environments rich in amino acids, and B. abortus concentrations are reported to 
reach the extraordinary high levels of 10^^ bacteria per gram in placental tissues [23]. 
We thank to Faith Prior for helping with the cloning and restriction mapping. 
The GenBank accession number is U57319. 
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361 
481 
601 
i\.»j.\»«j'iX-i-t\iwCOCCOCOCCOC 
721 CTOGAGCGCtnGAACOCOGAAGAOGOUCnUi'lUJkTOIWXVl'ltJAT^TCGAaVi'iCiXJUlTCCCTCCATCGCGCCGUXVIUjU'rACGACGCrrGCCTGGCGQCOCGACCri'lUJU'lUAG L B R V K A B D G L L K V S L D V D F L D P S I A P A V G T T V P G G A T P R B  
841 GOOCATClCATCATQGAGftTaCTQCACGACAaCOUGCTCGTGACG\GCCTCXa l^triLXJl'iUUlCTCAAlCVLUTiiriU\ATC)lCCCCOGOCGCACQGCCCCCG^ A K I . I M B M L H O S G C . V T S L D L V B L K P F L O B R G R T A A V M V O L M  
961 
1320 
1440 
ArglaAM » 8D M H C K X L G L P V  
A A Q R P L Q K P N H A I K A L P Y A V A W I B A I S B A A Y R B S A B G F P I  
L B T T T 8 G N L H G T P V A Y Y T G Q I C G P B G Y F P K C . A A P I 0 P H N V C  
M L G I R S V D P A B R B A V K K T 8 V I V Y 0 M R L 1 0 B H G V A A L L R R P  
A S L L G R S V M D R P T I S Y *  OCD >» 80 ATGJVTG^CCCAACCGAACCTCAATATCGrrCCT M M T Q P N L N I V P  
1080 TilX/riJ«gqrCGaiTCAT3lTGATGAAGLnWlWinUXX;iU;GCbn'iXaGAa.l'IUVri'AAGquUJ'nUXX»0'iUWlVll^GG?UU»a'iUXXVil^XnHJCCAAAAri'i'itACAAGACG P V S V D H K M K L V L R V G V B T P L K B L A G Y V B B D P R R W Q N P D K T  
1200 C0GCQCGTG(XVlO»C^TrCCAAQGAAGQCCTGATCaiGCTGAT0CCGACGAQCGAC0GCACWrCTAUl»c;cU'ltJWiTXTCrit»AC0GCCATCCGftAGAACACTCGTG^T0GTCr(.t:AG P R V A S H S K B G V I E L M P T S O G T L Y G F K Y V N G H P K N T R O G L O  
T V T A F G V L A D V G S G Y P M L L T B M T I L T A L R T A A T S A V A A K H  
L A P K N A R T M A I I G N G A Q S B F Q A L A F I C A t L G V O K I . R L Y D L O  
1560 CCGCAACCatfTQCCAAATGCATCCGAAACCTGOU^OCUX:cWl'n\JAACA'i'^j'I'iXJCC'lUCAAGAGCGTQGACGAAGCGqrCGAAQGQGCAGATATCATCACCACCC7PCACACCCCAC P Q A T A K C I R N L Q G A G P N I V A C K S V B B A V B G A D I I T T V T A D  
K A N A T I L T D K K V G A G V K I K A V G G O C S G K T B L H G D I L R R S D  
l^VriXJUUXTIXXXX'mU'lXXXJiWCAAGCTGAAGGATACOGGACTTrACGAACAOn'fGGACCTqCTQGCC A R Q I T L F D S V G F A T B D F S A L R Y V R D I C L K D T G L Y 6 Q L D L C . A  
D P D B P R D L Y G H L L R H B K L L Q S B S T K P A A *  O G T m A G C T A A  G f t C G  
2160 CGJaTGGCGCGGCGCICTCATGCGCCCTGAATGQGTGGCG^TTCCCAlTICAAAACTqrCOGCGAaWtXVnXXIGLtiATCCACGAAAATGA'lSia.'UArriCGOCCGGAAAGA'l'i'iCl'l'G 
2280 CGCCaiTTGCTCAAACACrrCGAOCCA 
Figure 1. Nucleotide sequence of Brucella arginase and ornithine cyclodeaminase. 
Underlined sequences are the Shine Dalgamo sequences. 
